Abstract There has been an increasing body of literature regarding arthroscopic management of femoroacetabular impingement (FAI). Refinement of arthroscopic techniques has allowed for more complete management of FAI, and metaanalysis and systematic reviews have shown comparable outcomes to surgical hip dislocation with appropriate indications. There are still, however, pathomorphologies that are not accessible or much more challenging to address arthroscopically, and open corrective procedures should be considered in these situations. Extra-articular FAI is receiving increased attention and can be secondary to anterior inferior iliac spine/subspine impingement, trochanteric-pelvic impingement, and ischiofemoral impingement. Femoral and acetabular version and their impact on hip stability as well as the concept of impingement induced instability are being increasingly recognized. Acetabular labral and capsular management and repair techniques have also received increased attention. Finally, 3-dimensional imaging and dynamic software analysis are beginning to emerge as potential tools to better evaluate hip pathomorphology.
Introduction
Femoroacetabular impingement (FAI) is an increasingly recognized hip disorder that is classically described as either Camtype (femoral sided) or Pincer-type (acetabular sided) FAI [1] [2] [3] . FAI has also been implicated as a causative factor for the development of hip arthritis [3] . Arthroscopic FAI correction has had an increasing role for the management of FAI, and indications regarding arthroscopic vs open surgical approaches continue to evolve. More recent studies have significantly improved our overall understanding of FAI. New concepts or refinement of previously described concepts such as extraarticular impingement, role of acetabular and femoral version, impingement induced instability, capsular management techniques, and the role for capsular and labral repair/preservation have been reported. The current paper will review the literature regarding FAI over the last year and attempt to summarize important concepts and data regarding FAI and in particular with respect to arthroscopic FAI correction.
Arthroscopic indications and outcomes
The indications for arthroscopic management of intra-articular FAI continue to evolve. It is critical to recognize those areas accessible to arthroscopic treatment and those that require open surgical procedures to address. There is also a steep learning curve and more challenging cases that can be predictably managed by experienced hip arthroscopists might be better addressed with open approaches for surgeons earlier in their experience.
The acetabulum
The antero-superior acetabular rim and labrum can be predictably managed with an arthroscopic approach. The posterior and postero-inferior acetabular rim is more challenging to access for rim resection and labral repair, requires greater degrees of traction in some cases, and with experience can be managed arthroscopically. Therefore, cases of global acetabular overcoverage can be treated arthroscopically with experience. Protrusio acetabula, however, should be approached with caution arthroscopically, as this can present with a large lunate fossa and relatively deficient articular cartilage that might be better treated with a corrective pelvic osteotomy [4] . In addition, protrusio can be associated with proximal femoral deformities such as coxa vara that cannot be addressed arthroscopically. Although milder degrees of acetabular retroversion can be treated with rim resection, more severe degrees of acetabular retroversion with significant posterior wall deficiency might be best treated with anteversion periacetabular osteotomy (PAO). It is critical to evaluate for acetabular dysplasia, and it is not uncommon to have both impingement and dysplastic features concurrently. Patients with a predominance of instability findings on clinical examination and imaging studies that reveal more than just borderline dysplastic features might be best treated with corrective pelvic osteotomies.
The femur
The anterior femoral head-neck junction, which is best visualized on lateral radiographs, is predictably accessed arthroscopically. One recent study evaluated cam decompression performed arthroscopically compared with surgical hip dislocation and found improved correction with experience without significant differences for correction between the surgical approaches [5] . Medial and lateral cam deformities, which are visualized on AP radiographs, are much more challenging to access arthroscopically (Fig. 1) . Although postero-superior (lateral) and postero-inferior (medial) deformities can be reached with experience, a prior study reported that the AP correction was more predictably managed with surgical hip dislocation [6] . Symptomatic posterior femoral head-neck deformities, best visualized on lateral radiographs, cannot be predictably accessed arthroscopically. These posterior femoral head-neck deformities should be managed with SHD when symptomatic. It is also critical to evaluate femoral neck shaft angle, neck length, femoral version, and trochanteric offset issues when contemplating the most appropriate surgical approaches. Coxa vara, coxa breva, femoral retroversion, and greater trochanteric overgrowth/prominence all increase the degree of cam/proximal femoral-type FAI. Systematic reviews have been performed looking at the efficacy of both open and arthroscopic FAI corrective procedures [7] [8] [9] [10] [11] . In 1 study, the evidence supporting arthroscopic treatment of FAI was fair [7] . Other studies looking at combined open and arthroscopic approaches found that the majority of patients improved regardless of the surgical approach, with pain relief in 68 %-96 % of patients, and no significant differences for eventual outcomes based on the surgical approach [8] [9] [10] . Based on the limited information with regards to specific diagnosis for the studies reviewed, it is difficult to state whether the patients undergoing arthroscopic and open surgical procedures were comparable with respect to pathomorphologies. Currently at institutions that perform both open and arthroscopic FAI corrective procedures, the majority of patients undergoing open corrective procedures for FAI have larger, more complex deformities. Moving forward, it will likely be difficult to directly compare SHD with arthroscopic FAI correction as the patient populations may be quite different. In the end, SHD and hip arthroscopy should be considered approaches rather than procedures for managing various patterns of FAI, and indications for the various approaches should be based on the pathomechanics at work and surgeon experience. 
Extra-articular FAI
Although intra-articular FAI has been well described, it is clear that there are cases of FAI that result from extraarticular impingement between the proximal femur and pelvis. The sites of extra-articular impingement described include AIIS/subspine impingement, trochanteric-pelvic impingement, and ischio-femoral impingement. AIIS or subspine impingement has received increased attention recently [12•, 13, 14] . A distally or anteriorly prominent AIIS can be the result of a prior AIIS apophyseal avulsion, prior rectus femoris avulsion with subsequent ossification of the origin, as a result of overcorrection after periacetabular osteotomy, or seen in the setting of acetabular retroversion [14] . These patient's typically present with straight hip flexion limitations and pain and lack of relief of their flexion based pain with intra-articular anesthetic injection [14] . The first report of arthroscopic subspine decompression reported on 3 representative cases with a mean 18-point improvement for modified HHS at 1 year follow-up [14] . A subsequent case series reported on 10 patients that underwent an arthroscopic subspine decompression for prior avulsion injury [12•] . At a mean 14.7 month follow-up the modified HHS improved a mean 34 points and hip flexion range of motion improved a mean 18 degrees [12•]. Using 3-dimensional (3D) CT and dynamic software analysis, Hetsroni et al. classified AIIS morphology as type 1 (distal AIIS ends proximal to the acetabular rim), type 2 (distal AIIS extends to the acetabular rim), and Type 3 (distal AIIS extends beyond the acetabular rim), and noted decreased flexion and internal rotation ROM with increasing subtypes [13] . The AIIS can be predictably decompressed arthroscopically with the extent of decompression based on the preoperative deformity.
The greater trochanter can also impinge against the pelvis and is classically seen in the setting of Legge Calve Perthes disease, with coxa breva, vara, and a prominent greater trochanter [15, 16] . More subtle cases of trochanteric-pelvic impingement are being described and typically present with motion limitations that are greater than expected based on the pathomorphology seen on plain radiographs and lack of relief with intra-articular anesthetic injections. Anterior trochanteric impingement with flexion internal rotation can be seen in the setting of relative femoral retroversion whereas posterior trochanteric impingement with external rotation can be seen in the setting of increased femoral anteversion. A recent study using 3D CT scan motion analysis evaluated 13 hips with valgus hips and increased antetorsion compared with 22 hips with FAI and 27 normal hips [17] . Hips with coxa valga and increased antetorsion had impingement zones that were more frequently posterior and extra-articular and to a lesser extent anterior against the AIIS [17] . Dynamic ultrasound can assist in the diagnosis, and open trochanteric transfer procedures have been recommended for persistent limiting symptoms.
Ischiofemoral impingement is a less commonly described source of extra-articular impingement that occurs when the space between the proximal femur/lesser trochanter and ischial tuberosity is narrowed [18, 19] . These patients typically have pain with hip extension and can be developmental or secondary to prior apophyseal or myotendinous injuries at the lesser trochanter or ischial tuberosity. Magnetic resonance imaging reveals edema within the quadratus femoris muscle and relief with ultrasound or CT guided anesthetic injection into the area of impingement can be diagnostic [18] . Treatment of persistent limiting symptoms can be treated with decompression at the level of the ischial tuberosity, lesser trochanteric decompression/excision or transfer of the lesser trochanter. Specific techniques and outcomes after such procedures, however, require further study.
Version
Variations in acetabular and in particular femoral version have been increasingly discussed with respect to the relationship between the acetabulum and femur and their contributions to hip stability and impingement. There appears to be a significant variability for normal version and a recent 3D CT evaluation of 230 normal hips suggested that there may be a normal complementary developmental relationship between the proximal femur and acetabulum [20] . In some patients, for instance, the presence of acetabular retroversion may not be pathologic and in fact be compensated for by increased femoral anteversion/torsion. In fact, in a recent unpublished study looking at more than 400 CT scans in asymptomatic hips, a positive posterior wall sign (30 %) and acetabular retroversion (15 %) were common findings in asymptomatic hips and more common in males indicating that these imaging findings may be normal variants for a number of patients (Larson CM, et al., unpublished data). As noted previously, increased femoral antetorsion predisposed to posterior extra-articular impingement using 3D CT motion analysis software [17] . In addition, a recent study looked at femoral version in a cohort of 67 consecutive arthroscopic psoas tenotomies [21] . This study found poorer outcomes after such releases in patients who had excessive (>25 degrees) femoral anteversion and suggested that the psoas myotendinous complex may play a significant role in dynamic anterior stability in hips with subtle anterior instability secondary to excessive femoral anteversion [21] . The proposed concepts are as follows: excessive acetabular anteversion can result in anterior hip instability and posterior impingement, excessive acetabular retroversion can result in anterior impingement and posterior hip instability, excessive femoral neck anteversion can result in anterior hip instability and posterior impingement, and excessive femoral neck retroversion can result in anterior hip impingement and posterior hip instability. Ultimately the relationship between femoral and acetabular morphologies need to be considered in order to better define the anatomical relationships as potentially pathologic vs compensatory, but clearly further study is required in order to better understand these complex morphologic variations.
Impingement induced instability
The concept of FAI induced instability has been recently described [22] [23] [24] . The proposed theory is that anteriorly based FAI and in particular cam deformity can lever against the anterior rim in flexion with resultant posterior subluxation/dislocation. Steppacher et al. compared 53 hips that had a prior history of traumatic posterior hip dislocation with 85 normal hips and found a higher prevalence of cam deformities and acetabular retroversion in the dislocation group [22] . Another recent article looked at a series of 22 athletes with a confirmed diagnosis of posterior hip dislocation with an associated small posterior wall fracture. Sixteen of 18 athletes had significant FAI and in particular a large cam deformity and had sustained a low energy twisting or noncontact injury [24] . One-half of the patients required subsequent arthroscopic hip surgery and 20 of 22 athletes ultimately returned to their sport with a mean 4 years (range, 2-16 years) follow-up [24] . Both of these studies proposed the concept of anterior cam deformity levering on the anterior rim predisposing these patients to posterior instability episodes [22, 24] . Treatment of the cam deformity in these patients, when surgical treatment is indicated, might have the secondary benefit of decreasing the potential for further FAI induced posterior instability.
There are, however, more subtle cases of FAI induced instability typically seen in females, which can be seen with high range of motion activities and in the setting of capsular laxity. Radiographs may be normal or show findings consistent with high range of motion impingement such as distal femoral neck and AIIS sclerotic changes. These patients may participate in activities requiring excessive range of motion such as dance, gymnastics, and yoga. Recent studies have looked at impingement with extreme hip range of motion in ballet dancers [25•, 26] . Two recent studies evaluated impingement tests, hip range of motion, and MRI findings (additional splits position for dancers) in professional female ballet dancers compared with healthy matched females [25•, 26] . No differences between groups for hip range of motion, alpha angles, acetabular and femoral version, and acetabular depth were found between the groups and hips in both groups were noted to be morphologically normal [25•] . Hip MRI's for dancers in the splits position revealed femoral head subluxations and labral and chondral pathology that was typically postero-superior compared with antero-superior in location for non-dancers [25•] . These studies support the concept of impingement induced instability that can occur in the absence of obvious FAI or potentially in the presence of dysplasia with extreme range of motion activities. Capsular laxity may also play a role with increased translation of the femur in the acetabulum with movements that might allow for greater degrees of subluxation. These can be very challenging patients to treat when conservative measures fail. If dysplasia is the predominate finding, corrective osteotomies should be considered. If high range of motion impingement findings is present, femoral resections further distal on the neck, AIIS decompressions, and capsular repairs/plications in the presence of laxity might be considered as part of the surgical treatment. Outcomes after surgical management are needed in order to better determine the best treatment options in this difficult patient population.
The acetabular labrum
Prior studies have reported that the acetabular labrum functions to provide a seal and decrease contact stresses in the hip joint compared with the hip without a labrum [27] . Two prior studies looking at consecutive groups of labral excision vs debridement after surgical hip dislocation and arthroscopy noted better outcomes scores in the labral preservation group at early follow-up [28, 29] . Larson et al. recently reported an update on the arthroscopic repair vs debridement cohort at a mean 3.5 year follow-up (range 2 to 6 years) [30] . They found that labral preservation (50 hips) continued to have better outcomes (MHHS, SF-12, VAS) compared with focal labral excision (44 hips) with 92 % good to excellent results vs 68 % good to excellent results, respectively [30] . More recently Krych et al. conducted a prospected, randomized study looking at labral repair (18 patients) vs selective labral debridements (18 patients) in females [31] . They noted better outcomes with labral repair for the ADL and Sports subscale of the Hip Outcomes Score at a mean 32 months follow-up [31] . A recent study looked at the sealing function (fluid efflux) of the native labrum, labral tear, labral repair, partially resected labrum, and labral reconstruction in a cadaveric model [32] . This study reported that the native labrum and labral repair provided a better seal (less fluid efflux) than the labral tear, partial resection, and labral resection conditions [32] . The native labrum, however, still provided a better seal than labral repair, and interestingly, labral reconstruction was similar to the labral tear and partial resection conditions with regards to maintaining the labral sealing function [32] . Labral reconstruction can be performed in the labrum deficient state as seen in the setting of global acetabular overcoverage with rim ossification and prior labral resection. There is very limited literature with respect to outcomes after arthroscopic labral reconstruction. One study reported on 47 patients who underwent arthroscopic labral reconstruction with iliotibial band autograft reconstruction with a mean 18 months follow-up [33] . Ten patients were either lost to follow-up or underwent total hip arthroplasty, and the remaining were reported to have a mean 23 point improvement using the modified Harris Hip Score [33] . Based on these recent clinical and cadaveric studies, labral preservation/repair is preferred to labral excision/debridement as part of joint preservation procedures for the majority of cases. Further follow-up and study, however, are required to determine the long term advantages of labral preservation vs excision/debridement and the role for labral reconstructive procedures.
The hip capsule
There has been recent interest in capsular management techniques in order to maximize exposure to deformities and preserve/repair/plicate the capsule in order to preserve soft tissue stability (Fig. 2) [34] . A recent systematic review reported on 47 published articles that met the inclusion criteria and concluded that the capsule was an important hip stabilizer and that surgeons should be competent in repair and plication techniques in certain situations when performing hip arthroscopy [35] . A prior study evaluated 11 patients with clinical and imaging evidence for chronic capsular incompetence [36] . A loss of normal recoil with passive external rotation of the hip and MRI evidence for insertional thinning of the lateral ligament, attenuation of the iliofemoral ligament with hip external rotation, and appearance of laxity of the iliofemoral ligament with maximal external rotation were all felt to be consistent with anterior capsular laxity [36] . Although patients with connective tissue disorders such as Ehlers Danlos may be the most extreme example, there appears to be a subset of patients with activity induced anterior laxity and subtle dysplastic variants/borderline dysplasia for which preservation or even plication of the capsule might be an important factor to consider if arthroscopic management is pursued. In addition, there has been a recent case report of a mildly dysplastic hip that underwent labral repair, partial ligamentum teres debridement, and modest capsulotomy without repair [37] . Despite preservation of the labrum and no rim resection, this patient developed hip subluxation 3 months post-operatively with end stage arthritis at a year. This indicates that preservation of the anterior capsule/iliofemoral ligament might play a critical role in stability for some hips and in particular for those with borderline dysplastic features [37] . There are no published controlled studies to date, however, reporting outcomes and or stability after repaired and unrepaired capsulotomies.
Capsulotomy techniques are also potentially important to maximize exposure and ability to correct impingement deformities during hip arthroscopy [34] . Minimal capsulotomies at the level of the portals, interportal capsulotomies, T capsulotomy, and capsulectomies have been proposed as techniques to improve arthroscopic exposure. In order to address lateral and medial cam deformities beyond the medial and lateral synovial folds, various positions of the hip flexion, extension, internal and external rotation, and occasionally traction can help to reach these difficult regions. Larger interportal (anterior to posterolateral portal) and T cut capsulotomies can significantly improve Fig. 2 a, Arthroscopic view of the R hip in a female with extreme ROM/capsular laxity induced instability reveals the interportal capsulotomy after labral repair and femoral resection. b, A looped suture is shuttled from the distal to the proximal limb of the capsular incision and retrieved with a penetrating grasper. c, Sutures are then tied in order to close and mildly plicate the capsule the ability to access these regions. The current author favors a large interportal capsulotomy followed by capsular repair or plication when indicated. Although a Tcut can also be utilized and provides excellent exposure, it may be best to avoid this additional T-cut in hips with pathomorphology consistent with subtle dysplastic variants. It should also be noted that capsular plication alone should not be considered a treatment option for more significant degrees of dysplasia, which is best addressed with corrective pelvic osteotomies.
3D imaging and dynamic evaluation
Although plain radiographs have been the cornerstone for defining hip pathomorphology, it has become clear that 2-dimensional radiographic indices occasionally lead to errors in diagnosis secondary to improper pelvic alignment, and are not highly reliable between surgeons. As a result, there has been an increased interest in 3D evaluation of the hip. A recent study looked at 100 CT scans in hips with symptomatic cam deformities and compared the maximal alpha angles as determined on plain radiographs, CT scans, and with software CT analysis [38] . The maximal alpha angle was typically located between 12:45 and 1:45 on the clock face, and the study reported that the automated 3D assessment provided the most accurate depiction of the cam deformity [38] . Another study compared the presence of a cross over sign on plain radiographs with 3D CT acetabular version measurements [39] . Seventy-two percent (38 of 53 hips) of plain radiographs had a positive cross over sign but only 50 % of those had acetabular retroversion based on CT measurements. The other 50 % had an anteverted acetabulum by CT scan and a low AIIS was responsible for the appearance of a cross over sign on plain radiographs in each of those cases [39] . Three-dimensional CT scans allow for a predictable correction of pelvic alignment in order to more accurately evaluate acetabular version and femoral head coverage by the acetabular rim. A recent study evaluated the accuracy of standardized AP pelvic radiographs for diagnosing acetabular retroversion (cross over and posterior wall signs) compared with 3D CT version measurements after correction for pelvic tilt [40] . They found a low level of agreement for cross over and posterior wall signs between plain radiographs and CT scans [40] . They further concluded that plain radiographs have limited diagnostic accuracy for evaluating acetabular retroversion secondary to variations in pelvic tilt [40] .
In addition, 3D CT range of motion software has begun to emerge in the literature as a useful research tool. One study evaluated CT range of motion analysis in 30 patients undergoing surgical hip dislocation for FAI [41•] . The accuracy of the CT range of motion analysis was compared with the intra-operative findings at the time of surgical hip dislocation and was found to have a high degree of accuracy for defining the areas of impingement [41•] . As previously noted, a prior study used 3D CT software motion analysis to evaluate range of motion with various degrees of AIIS deformity [13] . They reported decreased forward flexion and internal rotation range of motion with greater AIIS deformities using this novel software [13] . Although this dynamic software analysis has been utilized from a research standpoint to date, it may become available for clinical use in the future. This would allow for preoperative dynamic evaluation of the hip and potentially virtual bony resections in order to better define appropriate surgical corrections and identify the most appropriate surgical approaches based on the areas of impingement.
Conclusions
Our understanding of FAI is rapidly advancing. The introduction of new concepts and refinement of traditional concepts are significantly adding to our understanding of hip pathomechanics. These recent studies regarding FAI concepts and surgical outcomes continue to better define the role for arthroscopic management of FAI.
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